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Abstract: Forest and peatland fires occur regularly across Indonesia, resulting in large greenhouse
gas emissions and causing major air quality issues. Over the last few decades, Indonesia has also
experienced extensive forest loss and conversion of natural forest to oil palm and timber plantations.
Here we used data on fire hotspots and tree-cover loss, as well as information on the extent of peat
land, protected areas, and concessions to explore spatial and temporal relationships among forest,
forest loss, and fire frequency. We focus on the Riau Province in Central Sumatra, one of the most
active regions of fire in Indonesia. We find strong relationships between forest loss and fire at the
local scale. Regions with forest loss experienced six times as many fire hotspots compared to regions
with no forest loss. Forest loss and maximum fire frequency occurred within the same year, or one
year apart, in 70% of the 1 km2 cells experiencing both forest loss and fire. Frequency of fire was
lower both before and after forest loss, suggesting that most fire is associated with the forest loss
process. On peat soils, fire frequency was a factor 10 to 100 lower in protected areas and natural
forest logging concessions compared to oil palm and wood fiber (timber) concessions. Efforts to
reduce fire need to address the underlying role of land-use and land-cover change in the occurrence
of fire. Increased support for protected areas and natural forest logging concessions and restoration
of degraded peatlands may reduce future fire risk. During times of high fire risk, fire suppression
resources should be targeted to regions that are experiencing recent forest loss, as these regions are
most likely to experience fire.
Keywords: Forest cover loss; Fire Hotspot; Riau Province Indonesia
1. Introduction
Forest and peatland fires occur annually across Indonesia, resulting in large greenhouse gas
emissions [1] and causing major regional air quality issues [2,3]. The occurrence of fire in Indonesia is
influenced both by climate [4,5] and by extensive land-cover change [6]. There is an urgent need to
better understand how agricultural and plantation management can be altered to minimize fire and
associated environmental impacts [7,8]. Here we analyze twelve years of data on the occurrence of
fire and data on tree cover loss to better understand links between fire and land-cover change in Riau
Province, Indonesia.
Emissions from vegetation and peat fires in Indonesia contribute to climate change and cause
severe regional air quality issues [2,3]. The large fires across Indonesia in September–October 2015,
emitted 700–800 Tg CO2 [9,10], and exposed 69 million people to poor air quality [3]. Exposure to
particulate pollution is estimated to have caused 11,880 mortalities in the short term [3] with as many
as 100,300 premature mortalities over the longer term [11]. Peatland regions experiencing rapid land
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cover change and frequent fires in central and southern Sumatra and southwest Kalimantan contribute
the most to regional air quality issues [12].
Extensive fires in Indonesia mainly occur during dry years linked to the El Niño Southern
Oscillation and the Indian Ocean Dipole (IOD) [4], with a nonlinear sensitivity of fire to dry
conditions [13]. However, despite the occurrence of drought years, large fire events did not occur
prior to the 1960s in Sumatra and the 1980s in Kalimantan, periods when extensive land-cover change
began [14]. Undisturbed tropical forests and peatlands are typically sufficiently wet to be resistant to
fire [1,15]. Deforestation and forest degradation provide abundant fuels, and drainage of peatland
soils accelerates groundwater drawdown increasing the flammability of peat [16]. This demonstrates
how anthropogenic land-cover change has modified the occurrence of fire across Indonesia.
Fires now occur annually across extensive regions of Indonesia, even in years without drought [17].
Satellite studies of active fire detections [4,5,9] well as the area burned by fire [18] provide new
information on the occurrence of fire and the relationship with climate and land-use change. Over a
10-year period, fires burned 16.2 Mha of Borneo, or 21% of the land surface [19].
Over the last few decades, Indonesia has also experienced extensive forest loss and conversion of
forest to oil palm and wood fiber plantations [20], Harris, Goldman [21]. Satellite remote sensing has
provided new understanding of the spatial and temporal rate of forest loss [22]. Between 1973 and 2015,
14.4 Mha of primary natural forest in Borneo was cleared [15]. The rate of tree cover loss in Indonesia
increased from less than 10,000 km2 year−1 in 2000–2003 to over 20,000 km2 year−1 in 2011–2012,
resulting in one of the largest increments of tree cover loss rate worldwide [23], although forest loss
rates include clearance of timber plantations and oil palm estates. In total, 60,200 km2 of primary
natural forest loss occurred across Indonesia over the period 2000 to 2012, increasing by 476 km2 year−1
Margono, Potapov [24]. The largest increase of primary tree cover loss occurred in wetland (peat) areas
and almost all clearing of forests occurred on previously degraded land, meaning logging preceded
land conversion. Forests in Indonesia contain important aboveground and below ground carbon
stocks [25,26], meaning forest loss will alter the carbon balance in the region. Indonesia’s largest single
driver of deforestation in 2001–2016 was oil palm plantations, which contributed 23% of deforestation
nation-wide [27]. Recently, the dominant role of logging in the transformation of peat swamp forests
in Southeast Asia has also been emphasized [28].
Land-cover change is connected to fire through a multi-year processes involving road building,
logging, and forest fragmentation [29,30]. Since fire and deforestation have direct interactions,
understanding the relationship between them is very important [31]. There are four major direct
causes of fires in Indonesia: fire used as a tool in land clearance; accidental or escaped fires; fire used
as a weapon in land tenure or land-use disputes; and fire connected with resource extraction [32].
The same study identified five underlying causes of fire: land tenure and land use allocation conflicts
and competition, forest degradation practices, economic incentives/disincentives, population growth
and migration, and inadequate firefighting and management capacity.
Forest fires are closely related to land cover dynamics in Indonesia. Fire activity is mostly detected
in wood fiber (timber) concessions, both in Sumatra [33] and Kalimantan [19]. In Sumatra, 58% of the
fires in 2013 occurred on land that had been forest five years previously [17]. In Riau, more than 90%
of the area of severely burnt primary vegetation eventually changed land cover type over the period
1998–2002 [34]. At a study site in Riau Province, fire was used as a tool for land preparation by oil palm
companies, industrial timber plantation, and smallholders, with crop planting often occurring shortly
after burning, suggesting a link between fire and land-use change [35]. Albar [36] found that 72% of
fire hotspots in Riau Province during 2006 to 2013 occurred within non-forest areas, with the number of
fire hotspots increasing over this period. Comparing land-use and land-cover between one year before
and three years after fire occurrences in Jambi, a province adjacent to Riau, shows that 20% of the area
burned by fires became forest plantation, 27% became oil plantation and 52% was converted into small
holder/community land area [37]. In Kalimantan, enhanced fire frequency occurs within 10 km of oil
palm, with oil palm extent associated with increased fire frequency until covering 20% of an area [38].
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Although these studies demonstrate that fire and land-cover change are closely linked, there is
still limited information on the spatial and temporal relationship between fire and land-cover change
for peatland regions of Indonesia. Specifically, there have been no detailed studies of how tree cover
loss and fire frequency are related spatially and temporally across different land-cover and land-use
types. We focus our analysis on hotspot dynamics related to tree cover loss for peat and mineral
soils with a range of land-use types in Riau province, Sumatra, one of the most active fire regions in
Indonesia. Our aim is to explore the spatial and temporal connections between fire and tree cover loss,
providing new information to help forest management, peat restoration, and fire suppression efforts.
2. Materials and Methods
Our study area is Riau Province, Indonesia, situated in central eastern coast of Sumatra Island,
facing the Strait of Malacca and adjacent to Singapore and Malaysia. Riau covers a geographic area of
89,691 km2 extending between 100◦00′–105◦05′ E and 01◦05′ and 02◦25′ S. In the early 1970s, Riau was
still covered with extensive forest areas with over 95% of the province classified as state forest area at
that time (Ministry of Forestry of the Republic of Indonesia 1986). Since the 1970s, Riau has experienced
rapid expansion of plantation forestry. Agriculture (including forestry) is now a very important sector
in this province, contributing approximately 20% of Gross Regional Domestic Product and accounting
for 46% of the workforce. Oil palm plantations are important for development as they may decrease
poverty in rural areas [39], providing economic benefits for around 2.6 million Indonesians [40].
We used data on fire hotspots and tree-cover loss, as well as information on the extent of peat
land, protected areas, and concession areas of wood fiber, logging, and oil palm plantation (Figure 1).
Peatland, concession area, and protected area extents in 2010 are from the World Resources Institute and
accessed through Global Forest Watch (http://data.globalforestwatch.org/datasets). Concessions include
oil palm, wood fiber, and logging concessions. Oil palm concessions are used for industrial-scale oil
palm plantations. Wood fiber concessions are used for plantations of fast-growing tree species for
wood pulp and paper production. Logging concessions are natural forest areas used for selective
timber extraction [33]. Regions outside concessions and protected areas, are defined as “Other”.
This “Other” land use is stated as a non-forest area (Area Penggunaan Lain/APL) by the Ministry of
Forestry (Regulation No 50 Year 2009).
To study the effect of fire on land cover, such as in tropical deforestation [41], information on
when and where fires burn is more useful than the exact area burnt. Active fire detection instruments
are important in determining fire seasonality, timing, and interannual variations [42]. Information on
the timing and location of fires was obtained from Moderate Resolution Imaging Spectro-radiometer
(MODIS, NASA, USA) MCD14ML Global Monthly Fire Location Product Collection 6, which contains
the geographic coordinates of individual active fire hotspots. Hotspot pixels are detected by the
MODIS instrument on Terra and Aqua satellites. The Terra satellite passes the same region of Earth
every 1–2 days at approximately 10:30 A.M. local time, while Aqua overpasses at 1:30 P.M. local
time. The restricted satellite overpass time may result in missed fire detections due to cloud cover
or fire occurring when the satellites are not overhead. For example, morning or evening fires will
remain undetected.
The MODIS instrument has 36 bands with three spatial resolutions: 250 m (bands 1–2), 500 m
(bands 3–7), 1000 m (bands 8–36). Fire pixels are detected based on the radiation emission of T4
mid-infrared (band 21 and 22) and T11 far-infrared (band 31) channels. Therefore, the spatial resolution
of MODIS hotspots is 1 km. Other attributes include acquisition time, confidence level, and fire
radiative power (FRP). The ranges for confidence class of fire pixel are low (0–30), nominal (30–80),
or high (80–100) [43]. Previous work found a high commission error in areas of low fire activity [44],
so we restrict our analysis to high confidence hotspots. The hotspot dataset is downloaded from
https://firms.modaps.eosdis.nasa.gov/download/ and then subsequent analysis completed using R.
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Figure 1. Land-cover and land-use in Riau Province, Sumatra, Indonesia. (a) Percentage canopy
cover in year 2000; (b) Total number of high confidence fire hotspots detected between 2001 and 2012;
(c) Fractional tree cover loss between 2001 and 2012; (d) Concession areas (see text for full description).
For information on tree cover loss we use the Global Forest Change (GFC) dataset [23] derived from
band 3, 4, 5, and 7 of Landsat 7 Enhanced Thematic Mapper Plus (ETM+) images, with 30 m resolution.
We use the Hansen_GFC-2017-v1.5 dataset, which contains information on tree canopy cover for year
2000 (treecover2000) and year of gross forest cover loss over the period 2000–2017 (lossyear). Tree
cover loss over 2000 to 2017 period has not been produced in a consistent way, so we restrict our
analysis to 2000 to 2012, when a consistent analysis of forest loss is available. Data was downloaded
from https://earthenginepartners.appspot.com/science-2013-global-forest/download_v1.5.html. GFC
defines trees as all vegetation taller than 5 m in height. Forest loss occurs when tree cover declines to
<50%, and includes loss of forest as a result of fire. Forest loss includes clearance of plantations and oil
palm estates as well as loss of natural forest.
3. Results
Table 1 summarises fire hotspot frequency and tree cover loss in Riau Province between 2001
and 2012. Over that period, there were 44,043 high confidence hotspots and 33,334 km2 of tree cover
loss, accounting for 37% of the province. In the year 2000, 88% of Riau was covered with forest
(defined as tree cover ≥ 50%) with 42% of this forest lost between 2001 and 2012. On average, there are
0.49 hotspot km−2, or 1.32 hotspots per km2 of tree cover loss. Over the 2001 to 2012 period, 58% of
1 km2 cells experienced tree loss greater than 10% and 18% of cells experienced at least one fire hotspot.
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Table 1. Annual forest loss and hotspot density in peat and non-peatland areas.
Land Type Area(km2)
Loss
(km2)
Hotspot
Count
Loss
Proportion
Hotspot
Density
(km−2)
Hotspot
Density per
Loss (km−2)
Annual Loss
Proportion
(year−1)
Annual Hotspot
Density (km−2
year−1)
Cells with
Hotspot
Cells with
Loss > 10%
a b c d e = c/b f = d/b g = d/c h = e/12 i = f/12 j k
Non-Peat 51,492 16,625 14,006 0.32 0.27 0.84 0.027 0.02 7991 30,178
Peat 38,639 16,709 30,037 0.43 0.78 1.80 0.036 0.06 8592 23,633
All Land
Type Σ = 90,131 Σ = 33,334 Σ = 44,043
∏
= sum(c)/
sum(b)
∏
= sum(d)/
sum(b)
∏
= sum(d)/
sum(c)
∏
= 0.031
∏
= 0.041 Σ = 16,583 Σ = 53,811
=0.37 =0.49 =1.32
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Table 1 also gives the fire hotspot frequency and tree cover loss for peatland and non-peatland areas.
Riau consists of 57% non-peatland and 43% peatland areas. Both peatland and non-peatland areas
experienced a similar area tree cover loss of around 16,500 km2, accounting for 43% of peatland and
32% of non-peatland areas. Hotspot density is a factor of three greater on peatlands compared
to non-peatlands, being on average 0.06 km−2 year−1 in peatland areas and 0.02 km−2 year−1
in non-peatlands.
Figure 2 shows the relationship between annual rates of forest loss and annual number of fire
hotspots between 2001 and 2012 across Riau. Both tree cover loss and the number of fire hotspots were
greatest in 2005. The correlation between total annual number of hotspots and annual rate of tree cover
loss is not significant at the provincial level (Figure 2a, r2 = 0.158). Over the period 2001 to 2012, there
was an insignificant change in the annual number of fire hotspots (−35 hot spots year−1), whilst the
rate of tree cover loss increased significantly (p < 0.05) by 186 km2 year−1 (Figure 2b). The increase in
forest loss rate despite no increase in fire may be partly due to large companies transitioning from
using fire to using mechanical methods to clear land [45]. We explore this possibility in more detail
later in the paper.
Figure 2. (a) Relationship between annual number of hotspots and tree cover loss in Riau Province;
(b) Annual tree cover loss (blue lines, left axis) and number of fire hotspots (red lines, right axis) in
Riau. The solid lines represent actual number and the dashed lines show the estimated linear trend
lines. The equation of the best fit line and the correlation coefficient (r2) is shown.
Figure 3 shows hotspot density as a function of tree cover in the year 2000 and tree cover loss
(2000 to 2012). In both peat and non-peat regions, annual hotspot densities are relatively low in intact
areas with high fractional tree cover in 2000 and low fractional tree cover loss as well as in heavily
developed areas with low tree cover in 2000. Highest hotspot densities are found in regions which lost
all their tree cover, either areas with high tree cover in 2000 and high fractional loss or regions with
intermediate tree cover in 2000 and intermediate tree cover loss.
Table 2 shows average hot spot densities for regions categorised by their tree cover in 2000 and
by the fractional tree cover loss over the period 2000 to 2012. We found the hotspot density to be
0.042 km−2 year−1 in regions with forest cover in the year 2000 (>50% canopy cover in year 2000)
compared to 0.023 km−2 year−1 in regions with no forest cover in the year 2000. The hotspot density in
regions of forest loss (>10% loss) was 0.138 km−2 year−1, a factor 6.5 greater than the hotspot density of
0.021 km−2 year−1 in regions with no forest loss.
Figure 4 shows these results separately for peat and non-peat areas. Peatland areas experienced
higher hotspot density than non-peat areas in all forest and loss status categories. In forested peatland
areas, regions with tree cover loss experienced 8 times more fire hotspots that regions without tree
cover loss.
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Figure 3. Annual hotspot density (km−2 year−1) as a function of percentage of tree cover loss (2000
to 2012) and percentage tree cover in the year 2000. Results are shown separately for non-peat and
peat regions.
Table 2. Annual hotspot density by loss status 1.
Loss Status Forest Status Number Cells Hotspot Total Hotspot Density
(km−2)
Annual Hotspot
Density
(km−2 year−1)
a b c D e = d/c f = e/12
All Forest 79844 40533 0.51 0.042
All Non forest 12656 3510 0.28 0.023
Loss All 14902 24663 1.65 0.138
No loss All 77598 19380 0.25 0.021
Loss Forest 14654 24554 1.68 0.14
Loss Non forest 248 109 0.44 0.037
No loss Forest 65190 15979 0.25 0.021
1 Forest if tree cover in 2000 > 50%, Loss if tree cover loss > 10%.
Figure 4. Annual hotspot density according to forest cover and forest loss status. Forest is defined as
areas which have a tree cover in 2000 > 50%; areas of forest loss are defined as areas with tree cover loss
> 10%.
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Table 3 shows fire hotspot frequency and tree cover loss for the different land-use types. Wood
fiber concession areas had the highest proportional forest loss (5.8% year−1) and hotspot density
(0.06 km−2 year−1). Previous studies have also found that fire was greatest in wood fiber concessions
in Sumatra [46]. Protected areas experienced the lowest proportional forest loss rate (1% year−1)
and hotspot density (0.018 km−2 year−1). We calculate that the average forest loss rate in oil palm
plantations in Riau was 2.8% year−1, less than the mean rate of 7.5% year−1 in oil palm plantations across
Sumatra [47]. Further analysis is required to understand whether this discrepancy is due to a different
oil palm plantation development stage between Riau and another regions in Sumatra [48]. As reported
previously [33], areas outside protected areas and concessions, here categorized as “Other”, experienced
similar rates of proportional forest loss (2.6% year−1) and hotspot density (0.038 km−2 year−1) compared
to concessions.
Table 3. Annual forest loss and hotspot density as a function of land-use.
Land
Use
Area
(km2)
Loss
(km2)
Hotspot
Count
Loss
Proportion
Hotspot
Density
(km−2)
Hotspot
Density
per Loss
(km−2)
Annual
Loss
Proportion
(Year−1)
Annual
Hotspot
Density
(km−2 Year−1)
a b c d e = c/b f = d/b g=d/c h = e/12 i = f/12
Logging 2860 864 737 0.3 0.26 0.85 0.025 0.022
Oil palm 20,266 6987 10,502 0.34 0.52 1.50 0.028 0.042
Other 42,745 13,213 19,334 0.31 0.45 1.46 0.026 0.038
Protected 7920 1065 1740 0.13 0.22 1.63 0.011 0.018
Wood
Fiber 16,340 11,205 11,730 0.69 0.72 1.05 0.058 0.06
To explore relationships between fire hotspots and tree cover loss, we analyzed the fire dynamics
based on both land-use and land type (peatland or non-peatland). Figure 5a shows the area of each
land-use type in Riau, separately shown for peatland and non-peatland areas. Non-peatland areas are
dominated by “other” (51%) and oil palm (25%), whereas peatlands are dominated by “other” (43%),
wood fiber (27%) and oil palm (19%). In both peatlands and non-peatlands, the smallest areas was
taken by logging concessions.
Since “other” areas cover the majority of the region, then, not surprisingly, these also suffered the
largest extent of tree cover loss, accounting for 40% of provincial forest loss (Figure 5b). Although
wood fiber concessions only accounted for 11% of land area in non-peatlands and 27 % in peatland
area, they had 26% and 41% of tree cover loss, respectively. In contrast, protected areas accounted for
11% of non-peatland areas and 6% of peatland areas experienced only 5.8% and 0.6% of the tree cover
loss, respectively.
In peatland areas, the majority of hotspots occurred on “other”, wood fiber, and oil palm concession,
with very few hotspots in protected areas or logging concessions (Figure 5c). In non-peatland areas,
hotspots occurred mostly in “other” land use (44%), with 27% in wood fiber, 24% in oil palm, 4% in
protected area, and 1 % in logging concession area.
Figure 6 illustrates hotspot density and fractional tree cover loss within each land-use type
separately for peatland and non-peatland areas (Table 4). The greatest fractional forest loss occurred in
logging concessions in non-peatland areas (81%) and in wood fiber concessions in both peatland (67%)
and non-peatland (71%) areas. Oil palm concessions experienced 25% forest loss in non-peatlands and
51% in peatlands. In contrast, logging concessions experienced a very high rate of tree cover loss in
non-peatlands (81%), but only 13% in peatlands. Protected areas experienced the lowest fractional tree
cover loss of 5% in peatlands and 17% in non-peatland areas.
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Figure 5. Land area, forest loss, and hot spots by land-use in peat and non-peat regions (a) Area;
(b) Proportion of tree cover loss; (c) Proportion of hotspot number.
Figure 6. Comparison of forest loss rates and hotspot density across different land-uses. (a) Proportional
forest loss (green) and hotspot density (red, km−2); (b) Correlation between annual proportional forest
loss and annual hotspot density. Dashed lines show regression lines for peat (blue), non-peat (red) and
both (black).
Forests 2019, 10, 889 10 of 19
Table 4. Summary of tree cover loss and fire hotspot by land-use and land type 1.
Land Use LandType Area (km
2) Loss (km2)
Hotspot
Count
Tree Cover
2000 Loss Prop.
Loss w.r.t.
2000
Hotspot
Density (km−2
Year−1)
Hotspot
Density by
Loss (km−2)
Cells with
Hotspot
Cells with
Loss >
10%
a b c d e f g h i j K l
Logging Non-peat 726 591 711 735 0.81 0.8 0.98 1.2 374 662
Logging Peat 2134 273 26 2199 0.13 0.12 0.01 0.1 25 480
Oil palm Non-peat 12,769 3150 2259 10,075 0.25 0.31 0.18 0.72 1386 6324
Oil palm Peat 7497 3837 8243 6449 0.51 0.59 1.1 2.15 2478 5652
Other Non-peat 26,266 7589 7435 21,172 0.29 0.36 0.28 0.98 4195 15,707
Other Peat 16,479 5624 11,899 16,070 0.34 0.35 0.72 2.12 3464 9182
Protected
Area Non-peat 5652 960 1534 5468 0.17 0.18 0.27 1.6 799 1717
Protected
Area Peat 2268 105 206 2276 0.05 0.05 0.09 1.97 92 227
Wood fiber Non-peat 6080 4335 2067 5348 0.71 0.81 0.34 0.48 1237 5768
Wood fiber Peat 10,260 6870 9663 10,052 0.67 0.68 0.94 1.41 2533 8092
Summary Σ = 90,131 Σ = 33,334 Σ = 44,043 Σ = 79,844
∏
= sum
(d)/sum(c)
= 0.37
∏
= 0.425
∏
=
sum(e)/sum(c)
= 0.49
∏
=
sum(e)/sum(d)
= 1.32
n = 16,583 n = 53,811
1 Column g shows loss proportion for each area types (e/d), hotspot densities show hotspot number per km2 related to of area (i = e/c) and loss area (j = e/d). Treecover2000 is number of
1 km2 cells with percentage of tree cover > 50% in year 2000.
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For each concession type, peatland areas had higher hotspot density compared to non-peatland
areas, except for logging and protected areas, where this pattern reversed. In peatland areas, hot
spot density is greatest on oil palm (0.09 km−2 year−1) and wood fiber (0.08 km−2 year−1) concessions.
From 2002 to 2015, an average fire rate over oil palm plantations in Sumatra and Kalimantan of
0.078 hotspot km−2 year−1 has been reported [47], similar to the rate we report for oil palm on peatlands.
On non-peatlands, hot spot density is greatest on logging concessions (0.08 km−2 year−1), but less than
0.03 km−2 year−1 in all other land cover types. On peatlands, the lowest hotspot density is observed in
logging concessions (0.0008 km−2 year−1) and protected areas (0.008 km−2 year−1), possibly due to
the lack of drainage and higher forest cover in these land covers making them less susceptible to fire.
Protected areas also have low hotspot density on non-peat soils (0.02 km−2 year−1). In peatland areas,
we found that the hotspot density in oil palm and wood fiber concessions is more than a factor 100
greater than in logging concessions and a factor 10 greater than in protected areas. A previous study
also found fire ignition density in Kalimantan was substantially greater in non-forest (0.06 km−2) and
oil palm (0.055 km−2) compared to forest (0.006 km−2) areas [49].
Across these different land-covers, there is a significant correlation between fire hotspot density
and proportional forest loss rates (r2 = 0.55, p = 0.01, Figure 6b). Across all land use types, stronger
correlations exist for peat areas (r2 = 0.84, p = 0.03) compared to non-peat areas (r2 = 0.6, p = 0.1).
Analyzing land-use over peatland and non-peatland separately shows that peatlands experience
double the number of fire hotspots in relation to forest loss compared to non-peatland areas (see
gradients of linear regressions in Figure 4b). On non-peat areas, wood fiber concessions experience
relatively little fire in relation to the rate of forest loss. On peat areas, oil palm concessions experience a
lot of fire in relation to the rate of forest loss.
Figure 7 shows the relationship between annual forest loss and number of hotspots within each
land-use type. Relationships between annual forest loss and annual number of hotspots are generally
positive. Logging concessions and protected areas exhibit strong correlations (r2 > 0.45) between
annual forest loss and fire in both peat and non-peat areas. In contrast, relationships in wood fiber and
oil palm concessions are weak (r2 < 0.2) in both peat and non-peat areas. Across all land-use types,
correlations are stronger in peatland compared to non-peatland areas.
Figure 7. Relationship between tree cover loss and number of hotspots by land type and land use.
Solid lines show linear regressions lines.
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Figure 8 shows the rate of change of annual number of fire hotspots and annual tree cover loss
over the period 2001 to 2012 for different concession types in peatland and non-peat regions. The rate
of tree cover loss increased in all areas, but particularly in wood fiber concessions and Other, which
account for 40% and 43% of the province-wide increment in tree cover loss. Fire shows different
behavior, with little significant change in the number of fire hotspots. On peatlands, oil palm and
wood fiber concessions exhibit non-significant declines in the number of fire hotspots.
Figure 8. Annual increment in the number of fire hotspots (year−1) and the rate of forest loss (km2 year−1)
in non-peat and peat regions.
In Table 5 we explored the relationships between tree cover loss and hotspots at the local scale.
Of the 1 km2 cells that experienced > 10% forest loss, 45% experienced at least one fire hotspot.
In contrast, of the 1 km2 cells that did not experience forest loss, only 13% experienced at least one fire
hotspot. We found that 92% of fire hotspots occurred in pixels that were forest in 2001 (> 50% forest
cover in 2000) and 8% occurred in non-forest pixels. In Kalimantan, most fires occur in non-forest
areas [49], but the relationship with former land cover was not explored.
Figure 9 shows the time difference between the year of tree cover loss and the year with maximum
number of hotspots. We restrict this analysis to tree cover loss occurring during 2005 to 2007, which are
the central years in our datasets and allow for an equal number of years before and after any tree cover
loss. Across all of Riau, the year with the maximum number of fire hotspots occurred within one year
of the year tree cover loss in 70% of 1 km2 cells. That indicates that in these regions, tree cover loss and
fire are closely linked. In 17% of cells, the year with the maximum number of fire hotspots occurred 2
to 5 years before tree cover loss, whilst in 14% of cells, the maximum number of fire hotspots occurs
between two and five years after the year of forest loss. Figure 9b shows the fraction of cells in which
the year with maximum number of hotspots occurred within one year of tree cover loss. In peat lands,
hotspots occurs in the same year as tree cover loss in 73% of cells, compared to 66% in non-peatlands.
It was estimated that 25% of forest loss in Indonesia involved fire (co-located fire occurred in the same
year or the year before forest loss) [50].
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Table 5. Occurrence of hotspots in 1 km2 cells according to loss, forest cover (2000), and fire status.
Cells are categorized as loss if they experienced > 10% forest loss, and as forest if canopy cover in
2000 > 50%.
Loss Status
(Number of Cells) Forest Status Fire Status
Number
of Cells % of Cells
Hotspot
Sum
% of
Hotspot
Loss (14,902)
Forest Has fire 6632 45% 24,554 56%
Forest No fire 8022 55% 0
Sub-total (Loss-Forest): 14,654
Non forest Has fire 45 18% 109 0.2%
Non forest No fire 203 82% 0
Sub-total (Loss-Non Forest): 248
No Loss (77,598)
Forest Has fire 8439 13% 15,979 36%
Forest No fire 56,751 87% 0
Sub-total (No loss – Forest): 65,190
Non forest Has fire 1467 12% 3401 8%
Non forest No fire 10,941 88% 0
Sub-total (No loss – Non Forest): 12,408
92,500 44,043
Figure 9. Time difference between forest loss and occurrence of fire hotspot in 1 km2 cells for forest
loss occurring between 2005 and 2007. (a) Number of years between forest loss and the year with the
maximum number of fire hotspots; (b) The fraction of cells where year with maximum number of
hotspots occurs within +/− 1 year of forest loss.
4. Discussion
We find that fire in Riau is closely linked to forest loss, both temporally and spatially. We show
that the number of fire hotspots is a factor of 6 greater in regions of forest loss compared to regions of
no loss. Fire frequency was greatest in regions that were covered in forest in 2000 and lost all their
forest cover between 2001 and 2012 (Figure 3). We also show that forest loss and fire occur within one
year of each other in 70% of 1 km2 cells, with the frequency of hotspots substantially lower before and
after forest loss (Figure 9).
There are two possible reasons for this observed relationship between fire and forest loss. Either the
fire causes the forest loss, or forest loss makes the landscape more susceptible to fire. Since fire frequency
is lower after forest loss and similar to the rate before forest loss occurred (Figure 9), we suggest that
the loss of forest canopy is not the main cause of increased fire during the period of forest loss. Instead,
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it appears that the fires contribute to loss of canopy cover. In tropical regions with naturally high
tree cover, fires can cause substantial tree mortality [51,52]. A study in Kalimantan found fires cause
complete mortality for small trees, but less mortality for larger trees [53]. Fires are frequently ignited to
clear vegetation and prepare land for agriculture and plantations [54]. Across Indonesian oil palm
concessions, 25% of forest loss experienced coincident fire the same year or one year before forest
loss [50]. A detailed analysis of fires occurring in Riau during 1st January 2013 to 30 June 2017, found
that fires in natural forests occurred on average 59 ± 10 days before forest loss [55]. Land in Riau that
had been cleared and burnt (slashed and burnt) is worth substantially more than land that had only
been cleared [56], explaining a strong economic driver for the patterns we observed. The close link
between forest loss and fire suggests that fire may start to decline in areas where all-natural forest has
already been converted. Indeed, previous studies have shown that when oil palm extent increases
to greater than 20% of a region, fire frequency declines, possibly because most areas of natural forest
areas have already been lost and so forest loss rates decline [38].
Our analysis shows that peatlands in Riau experience more frequent fire compared to non-peat
regions. Forested peatlands that experienced no forest loss had the lowest frequency of fire, whilst
peatland areas experiencing forest loss experienced 8 times as frequent fire. This confirms numerous
studies showing the prevalence of fire on degraded peatlands [1,57,58]. Peatlands would naturally
be mostly too wet to burn. Drainage canals dug to extract timber and for establishment of oil
palm plantations lower the water table and make the peat more flammable and susceptible to
fire [57]. Reducing the frequency of fire on peatlands needs to be a priority and will require
restoration, involving rewetting and re-vegetating degraded peatlands, to reduce the flammability of
the landscape [57,59]. However, fire management involves a diverse range of stakeholders, meaning
management interventions that aim to reduce fire are difficult to deliver [60].
We find that areas with high forest cover and low forest loss experience little fire. An analysis
of the fires in 2015 confirms that pristine peatland forests experienced few fires even during a strong
El Nino year [61]. Pan-tropical studies confirm that regions with high forest cover typically have low
fire frequency [51,62]. However, in contrast to relationships seen at the pan-tropical scale, we find
that areas with low tree cover and little forest loss also experience little fire. We found the greatest
frequency of fire in Riau, both spatially and temporally, was connected to tree cover loss. Similarly,
previous studies reported that heavily degraded forest areas in Sumatra experienced 20 times the
number of fire hotspots compared to intact peatland forests [63].
Regions that are classified as forest in our analysis may have been heavily degraded by logging or
fire before forest loss occurs. In our analysis, areas are still defined as forest as long as they retain >50%
canopy cover with vegetation > 5 m in height. Forests that have burned once are more likely to burn
again [64]. Forest degradation caused by logging or forest fragmentation can increase the flammability
of the forest and the likelihood of fire [65,66]. In support of this, we found natural forest logging
concessions on non-peat soils had a high frequency of fire. In contrast, we found natural forest logging
concessions on peat soils had a very low frequency of fire, suggesting these forests were not heavily
degraded. Another study on Borneo did not find any association between logging and fire [38]. Further
understanding of potential feedbacks between forest degradation and fire are important, but are not
well captured in our analysis, since we do not have information of the extent of forest degradation.
On peatland areas, we find that rates of forest loss and frequency of fire are typically lower in
natural forest logging concessions and protected areas than other land-use types. Previous work has
also found protected areas reduce deforestation in Sumatra [67], although lower rates of deforestation
inside protected areas may partly be due to topography rather than a result of legal protection [68].
Policies that help support effective protected area management and efforts to grant protected area status
to remaining peatland forests, 45% of which are currently unprotected [69], may reduce future forest
loss and fire. Other forest management strategies may be able to play an important role. For example,
community forest management in Sumatra and Kalimantan (Hutan Desa) reduces deforestation
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rates [70], though there are currently only very limited regions under this management scheme in Riau,
so it is not possible to determine whether this could help reduce forest loss or fire in this province.
High rates of forest loss and frequent fire occur in peatland regions covered by oil palm and
wood fiber concession, as well as areas outside industrial concessions, where smallholder agriculture
is important (“Other”). The importance of areas outside of industrial concessions has been found by
previous studies [38,69]. Wood fiber concessions and these areas outside of industrial concessions
account for 80% of the increased rate of forest loss observed in Riau between 2001 and 2012. Most
existing efforts to improve management of concessions focus on oil palm. Our work demonstrates a need
for fire management to focus on wood fiber concessions, smallholders, and local communities. Previous
studies have found a varying impact of Roundtable on Sustainable Palm Oil (RSPO) certification on
forest loss and fire in oil palm concessions [47,50,71]. Our analysis shows that oil palm and wood fiber
concessions exhibit increasing rates of forest loss but little increase in fire over the period 2001 to 2012,
suggesting that conversion practices may slowly be shifting from using fire to mechanical methods
for removal of forest vegetation. Some plantation companies have committed to preserve remaining
natural forest in their concessions, however, we do not see any reduction in forest loss rates over the
period we analyze, though we acknowledge that our analysis finishes in 2012. Ecosystem restoration
licences have been obtained for two large wood fiber concession areas in Riau, allowing restoration of
logged forests and degraded peatlands [69]. Future work is required to demonstrate that restoration
efforts can reduce fire.
Our analysis is limited by available data on concession types; overlapping concessions cause
issues for relating fire and forest loss to specific concession types [72]. The satellite data we use on forest
loss cannot distinguish between loss of natural forest and clearance of oil palm and wood plantations.
Future work needs to explore specific land-use transitions and relate these to occurrence of fire.
5. Conclusions
We have explored the relationship among fire, land-use, and land-cover change in Riau Province,
Indonesia, over the period 2001 to 2012. We found that at the local (1 km) scale, fire and forest loss
were closely related both spatially and temporally. The majority of fire in Riau occurs in regions that
are also experiencing forest loss. This finding has important implications for forest management and
fire suppression efforts in Riau.
On the local scale, we found strong spatial and temporal associations between forest loss and fire.
The frequency of fire was a factor of 6 greater in regions that had experienced forest loss compared to
regions that had not experienced forest loss. For 70% of the 1 km2 cells experiencing forest loss, the
year with the maximum number of hotspots coincided within one year of forest loss. The frequency of
fire declined in the years after forest loss, confirming that fire and forest loss are closely linked.
Peatland areas experienced greater fire frequency and faster rates of forest loss compared to
non-peatland areas. Hotspot density was a factor of 3 greater on peatlands compared to non-peatlands,
and rates of forest loss were 30% faster on peatlands compared to those on mineral soils. There was
also a close association between forest loss and fire - the frequency of fire was a factor of 8 greater in
peatland areas that experienced forest loss compared to peatland regions that did not experience forest
loss. Drainage of peatlands and loss of tree cover increases the flammability of peat and the likelihood
of fire.
We found that different land-use types experienced widely varying rates of fire and forest loss.
Of all the different land-use types, wood fiber concessions had the highest proportional rate of forest loss
(5.8% year−1) and the highest hotspot density (0.06 km−2 year−1), whereas protected areas experienced
the lowest proportional forest loss (1% year−1) and hotspot density (0.018 km−2 year−1). On peatlands,
hotspot frequency in protected areas and logging concessions was a factor 10 to 100 lower than the
hotspot frequency in oil palm and wood fiber concessions. Protected areas exhibited the lowest rates
of forest loss and hotspot density on both peat and non-peat soils. Lower fire rates in protected
areas and logging concessions on peatlands may be due to limited drainage and high canopy cover
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increasing soil moisture and reducing the potential for fire as well as a reduction in the potential for
anthropogenic ignitions.
Efforts to reduce fire need to address this underlying role of land-use and land-cover change
in the occurrence of fire. Supporting effective management of existing protected areas and logging
concessions and expanding the protected area network to include unprotected forested peatlands
may be an effective way to reduce future fire risk and forest loss. Reducing the risk of future fire
will also require extensive peatland restoration, involving rewetting and revegetation of degraded
peatlands [57]. The Indonesian Peatland Restoration Agency has a mandate to restore 2 million hectares
of fire-damaged peatlands by 2020, and needs to be adequately resourced. Targeting fire suppression
activities to areas of natural forest adjacent to areas with recent forest loss maybe be an effective way to
prioritize fire suppression capacity in period of high fire risk.
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